SUMMARY: Anchovy (Engraulis encrasicolus, L.) is one of the most important commercial species of the northern and central Adriatic Sea. The mean annual catch of anchovy estimated by IRPEM for these areas, in the time interval , is equal to 25,000 tonnes. Estimates of anchovy stock biomass at sea in the time interval 1975-1996 were obtained using two population dynamics methods based on different data inputs: Virtual Population Analysis (VPA) and the DeLury model with recruitment index. VPA was carried out tuning the estimated fishing mortality rate at age by fitting on corresponding Catch Per Unit of fishing Effort (CPUE). Both VPA and the DeLury model yielded sensible results. The effect on the assessments due to the use of a different birth date and thus of split-year data was investigated. Biomass values as well as patterns over time so estimated were similar on the basis of both assessment methods and calendar year versus split-year data. In particular, the biomass in more recent years (around 100,000 tonnes) was lower than in the second half of the 1970s and first half of the 1980s (over 200,000 tonnes). The minimum value (lower than 50,000 tonnes) was always estimated in 1987, when a strong drop in the catch and crisis of the anchovy fishery took place. Though high values of both fishing effort and fishing mortality/exploitation rate were obtained for some years before 1987, very low levels of recruitment in 1986 and 1987 seem to be mainly responsible for the collapse of the stock.
INTRODUCTION
Anchovy (Engraulis encrasicolus, L.) is one of the most important commercial species of the Adriatic Sea, and in 1991 the catch of Adriatic anchovies formed 19% of the Mediterranean anchovy catches (Stamatopoulos, 1993) . The small pelagic fishery is particularly diffuse in the northern and central Adriatic Sea and anchovy is mainly fished by the Italian fleet, with catches from Slovenia and Croatia and the former Yugoslavian fleet accounting for approximately less than 1,000 tonnes per year. The Italian fleet in the northern and central Adriatic is composed of about 140 (70 couples) pelagic trawlers (volante), mainly operating from Trieste to Ancona and about 40 lampara vessels (purse seiners) which operate mainly in the central Adriatic Sea, i.e. south of Ancona (Cingolani et al., 1996a) .
Stock assessments of anchovy in the Adriatic Sea were also performed by other researchers using different methods, such as echo surveys (Azzali et al., 1990) , egg and larvae surveys (Piccinetti and Specchi, 1984; Regner, 1996) and population dynamics (Sinovcic, 2000) .
Since 1975, IRPEM (Istituto di Ricerche sulla Pesca Marittima, Consiglio Nazionale delle Ricerche, Italy) has been conducting research on the biology and stock assessment of anchovy and sardine by population dynamics methods in the northern and central Adriatic Sea (Levi et al., 1984; 1985; Cingolani et al., 1993; Arneri, 1996; Cingolani et al., 1996a,b; 1998a,b,c; 2000; Santojanni et al., 1999; 2001a,b) . This has involved the regular collection of catch, fishing effort and biological data pertaining to these stocks at a number of ports along the Italian Adriatic coast. Since the early 1990s, assessments of these stocks have been carried out jointly by IRPEM and MRAG Ltd. (London, UK).
On the basis of the IRPEM database, the mean annual catch of anchovy is 25,000 tonnes in the time interval , the maximum value of the catch being higher than 50,000 tonnes in [1978] [1979] [1980] . The minimum value was recorded in 1987 with around 4,000 tonnes, and corresponds to a strong crisis of the anchovy fishery. Though recovery of catches was observed, the mean annual catch is estimated at around 16,000 tonnes after 1987, in contrast with the 33,000 tonnes estimated before.
This paper deals with the values and patterns over time of estimated anchovy stock biomass at sea in the period . These estimates were obtained using two dynamic methods based on different data inputs: Virtual Population Analysis (VPA), based on the age frequency distribution of the catch, and a modified DeLury stock depletion model with an index of annual recruitment. The VPA was carried out using two types of LaurecShepherd tuning, which is employed to obtain reliable estimates of the individuals at sea belonging to the cohorts still being fished, i.e. in more recent years. The effect on the assessments due to the use of a different birth date of anchovy and thus of splityear data was investigated by both VPA and the DeLury model with recruitment index.
MATERIAL AND METHODS

Data
Monthly landings have been collected in the major fishing ports for pelagic fish along Italian coast (major ports in the text) such as Trieste, Chioggia, Porto Garibaldi, Cesenatico, Cattolica, Ancona, San Benedetto del Tronto and Vieste, and also in other fishing ports such as Grado, Marano Lagunare, Caorle, Goro, Rimini, Fano and Giulianova ( Fig. 1) , where landings were not so high as in the major ports. Landing data for Croatia and Slovenia were derived from published sources up to 1994 (Morsko Ribarstvo, 1975 -1994 , whereas data relative to 1995 and 1996 were given by the Institute of Oceanography and Fisheries of Split (G. Sinovcic, pers. comm.) .
Landings can be considered a reliable estimate of catches because the Adriatic anchovy is always required by the market, so discarding is thought to be negligible (Cingolani et al., 2000) . In addition, from the late 1970s up to the early 1980s, AIMA (Azienda di Stato per gli Interventi sul Mercato Agricolo), a governmental agency responsible for interventions in the agricultural market, regulated the price paid for excess catches of anchovies (and sardines) by buying surplus catch, thus effectively encouraging fishermen to catch and land as much as possible.
Annual series of standardised fishing effort data were calculated taking into account the number of vessels, fishing days spent and potential fishing capability of single vessels, such as gear and engine power (Cingolani et al., 1993 (Cingolani et al., , 1996a . Standardisation of effort was performed following a procedure defined by Levi et al. (1985) and using the FPOW computer program (Abramson, 1971) .
Catch and effort data were utilised to calculate the time series of standardised Catch Per Unit of Effort (CPUE). Gaps in the data set made impossible to obtain a standardised CPUE series for all ports and all years. Therefore, the time series of CPUE calculated for the fleet (trawlers) of Porto Garibaldi was used in the assessments because, this was the port at which the best series of effort and greatest amount of caught anchovy were recorded. In the period 1975-1996, the average catch of Porto Garibaldi is 25% of the total Adriatic catch of anchovy. The annual values of Porto Garibaldi fishing effort are shown in Figure 2 along with corresponding catches; total catches are also reported. The series of effort shows fluctuations, the most pronounced being in the first half of the 1980s and probably related to the AIMA phenomenon. It should also be noted that the two series of catches have quite similar trends, with the highest values in the second half of the 1970s and subsequently decline, crash and partial recovery.
Monthly biological samples have been collected in the major ports. Annual catch-weighted length frequency distributions of the catch were obtained by measuring fishes on the basis of 0.5 cm length classes (1 cm before 1988). Age was estimated by reading 10,336 anchovy otoliths and annual agelength keys were calculated from age-length data pooled over months within the year and pooled across subsets of ports, i.e. northern and central (south of Ancona); these keys were then applied to the annual catch-weighted length frequencies for the two subsets of ports in order to obtain the estimated annual age frequency distributions of the total catch (Cingolani et al., 1993) . Age-length keys were thus obtained for the years 1977 ( A raw recruitment index for a year was calculated as the weighted sum of proportions of 9-10.9 cm (9-10 cm before 1988) anchovies in the monthly catches for Porto Garibaldi, where the weights used were the estimated monthly Porto Garibaldi CPUEs in numbers. Individuals between 9 and 10.9 cm in length were considered to be recruits, taking into account the fact that the majority of fish in this length range fell into age class zero and possible effects of gear and sampling selectivity in sizes smaller then 9 cm, which occurred rarely in the Porto Garibaldi catches, i.e. around 2% (against 12% of the selected range) of the total distribution. In addition, this choice took into account the need to avoid double counting, as estimated growth rates suggest that anchovies are likely to grow through that length range in a month (Cingolani et al., 1993) . The general equation used to calculate the annual recruitment index is the following: with R year = annual recruitment index, P month = monthly proportion of recruits in the monthly catch of the selected ports (Porto Garibaldi in the present analysis) and Wt month = monthly mean weight of fish used to transform the corresponding CPUE in weight into CPUE in number of individuals. The annual R year indices were then scaled so that their maximum across years was 1. The values thus obtained, on the basis of calendar year data, are plotted in Figure 3a and compared with corresponding annual CPUEs. Consistency (important for the success of DeLury fitting, see below) between recruitment index and CPUE is observed: higher values of stock abundance at sea are related to higher recruitment levels over time. This is not an obvious result for the procedure employed, as exemplified by the poor consistency observed when an analogous calculation was carried for sardine (Cingolani et al., 2000) .
In the Figure 3b , CPUEs are plotted showing the importance of catches at different ages. These catch values, divided by the corresponding effort calculated for all the age classes, are the CPUE-at-age data used in VPA calculations (tuning, see below). The highest fractions of these catches are given by the age classes 0 and 1, which (mainly the class 0) correspond to the length range used to calculate the recruitment index. This holds on the whole so that consistency between CPUE at the youngest ages and length-based recruitment index in the same year is obtained, even if a high weight of older ages (2 and 3) is observed in the period 1978-1982, in contrast with a recruitment level in the same period that was still high as in the years before.
The use of calendar year data in fishery stock assessments implies that the conventional birth date (i.e. the day on which a cohort grows one year older) is on the first day of January. Since the reproduction of the Adriatic anchovy is particularly relevant in spring-summer (Regner, 1985) , and a conventional birth date on the first of June is more coherent with the biology of the species, assessments were also made taking into account a different birth date. The birth date effect is expected to be not negligible more likely in the assessment based on catch-at-age data, i.e. Virtual Population Analysis. Consequently, all data (with the exception of age-length keys) originally recorded according to calendar year were then modified in order to calculate split-year ones, using the first day of June as the birth date, so that data relative to one year referred to the time interval ranging from the first of June of the year before up to the 31st May of that year.
Virtual Population Analysis (VPA)
Virtual Population Analysis (VPA) is based on analysis of the age frequency distributions of annual total catches (Gulland, 1983; Hilborn and Walters, 1992) . VPA yields the estimate of the number of fish at sea for each age class and year. For this purpose, an estimate of the fishing mortality rate as a function of age and time is required (F age, year ). The natural mortality rate, M, is also required: this parameter is assumed as a constant function of age and time.
The fishing mortality rate for each age class in each year (F age, year are reported in Table 6 : the age classes refer to years and range from 0 to 4+, with the last class including individuals older than 4. VPAs were carried out using two types of Laurec-Shepherd tuning (Laurec and Shepherd, 1983; Pope and Shepherd, 1985) . Both methods attempt to estimate the Fs at age in the final year by fitting to CPUE-at-age data in earlier years, under the assumption of constant annual selectivity at age. The two methods differ in the way they treat the annual Fs at the last true age (age 3 in our case). The first, and more commonly used method (method 1 in the text), makes the additional assumption that the annual F at the last true age is equal to the product of the constant k (fixed) and the average of the values of F obtained for a fixed number, n, of younger ages in the same year. The second method (method 2) requires the user to specify a vector of annual Fs (i.e. fixed) at the last true age. For both methods, tuning was carried out with respect to standardised Porto Garibaldi CPUE-at-age data.
For both methods, as already mentioned, a key assumption is that there are no trends over time in the annual selectivity at age, at least for the years over which tuning is carried out, e.g. technological improvement (not taken into account in the calculation of effort) leading to increased catchability. In order to examine how well the constant selectivity assumption has been met, plots of the annual differences between observed and predicted values of the natural logarithm of the age-specific catchability coefficient, q, were examined.
There is no fully reliable method for estimating F 3, 1996 , so it was estimated to be equal to the total fishing mortality rate in 1996. The estimates of this parameter ranged from 0.3 to 0.5 (yr -1 ) and were obtained by subtracting M from Z, i.e. the total mortality rate, which was calculated by a catch curve analysis (Hilborn and Walters, 1992) . In this paper, 0.5 as a precautionary value of F 3, 1996 was used because it yielded the lowest biomass. Some shorter accounts of the estimates obtained by using 0.3 are also reported.
The values of F 3, year in all the other years were calculated on the basis of a relationship between F 3, 1996 and Porto Garibaldi effort, as follows: F 3, 1996 / E 1996 where E t is the effort in the year t. This relationship implies the assumption of the ratio between Porto Garibaldi and total effort constant over time. Since, for the Laurec-Shepherd tuning, it was assumed that the Porto Garibaldi CPUE is equal to the total CPUE, the ratio between the two effort series can be calculated as the ratio between the corresponding catches as well. Both the series of these catches are shown, on the basis of calendar year data, in Figure  2 : their ratio (P.G. / total) fluctuates between 0.10 and 0.30 in most years, whereas it is equal to 0.45 and 0.55 in 1976 and 1977 respectively. Hence, the assumption mentioned above about effort roughly holds.
The natural mortality rate, M, was assumed to be equal to 0.6 (yr -1 ) on the basis of the observed age distributions of the catches. The value used in these assessments, 0.6, is perhaps towards the low end of the range of estimates of M reported in the literature for anchovies, so VPA was also carried out using 0.7, 0.8 and 0.9 (with split-year data and F 3, 1996 = 0.5).
Finally, retrospective VPA was also performed. This application of VPA allows one to evaluate the stability of estimated biomass at sea as a function of length of the time series analysed, which is progressively reduced excluding recent years. In general, strong deviations from the results obtained using complete original time series could be due to biases in input data, such as trends in catchability and wrong natural mortality rate (Darby and Flatman, 1994) . Thus, VPA calculations were repeated using data from 1975 to 1994, 1992, 1990, 1988, 1986, 1984 (with calendar year, F 3, 1996 = 0.5 and M = 0.6). All VPA calculations were done using the MAFF-VPA software package (Ministry of Agriculture, Fishery and Food, UK), developed by Darby and Flatman (1994) .
DeLury model with recruitment index
The DeLury model with recruitment index is a stock depletion model using total catch and CPUE data, which also takes into account interannual variability in recruitment (Hilborn and Walters, 1992; MRAG, 1992) .
The relationship between the number of adults at sea in the year t+1, N t+1 and those in the previous year t is given by:
where N t+1 and N t are the numbers of adults at the beginning of the year t+1 and t , respectively; C t is the total number of individuals caught during the year t; R t is the recruitment index during the year t; λ is the constant of proportionality between the recruitment index and the true annual recruitment number; M is the natural mortality rate. In this formulation, annual recruitment is assumed to take place at the beginning of the year, with the main catches being taken in the middle of the year, and natural mortality occurring throughout the year. These relative timings were selected on the basis of analyses of monthly catches and length frequency (Cingolani et al., 1993) .
The DeLury model with recruitment index specifies that the expected catch, E(c t ), in the year t, is given by:
where q is the catchability coefficient, c t is the catch in numbers taken with the fishing effort E t applied in the year t; C t in this case is total catch and c t is Porto Garibaldi catch. The expected catch at the end of the year is thus directly proportional to catchability, effort and number of fish at sea in the middle of the year, this last feature being expressed by the term between square brackets. The parameters q and λ are estimated by maximum likelihood methods along with N 1 , the numbers of adults at the beginning of the first year (1975 in our case). In the estimation of the parameters, the catches c t were assumed to have a gamma distribution. Confidence intervals were calculated for the three parameters at different precision levels (95, 90 and 75%) by means of bootstrap method (Hilborn and Walters, 1992; MRAG, 1992) .
The natural mortality rate, M, was assumed to be equal to 0.6 as for VPA.
The model was fitted by the software package CEDA (Catch Effort Data Analysis), developed by MRAG (1992).
RESULTS
When the Laurec-Shepherd tuned VPA was based on method 1, plausible results were only obtained if the annual F at the last true age was equal to the product of the constant k and the average of the Fs obtained for n specified younger ages in the same year, with k being chosen around 1.3 or higher. This is rather unusual, as it is more common that fishing mortality rates at age either flatten out with increasing ages, or even diminish (i.e. flat-topped or dome-shaped fishing mortality curves), rather than increasing as they do using such high values of the constant k. In the Adriatic anchovy fishery, it is known that in the early 1990s part of the fleet (Ancona and San Benedetto fleets for instance) fished in deeper waters targeting large anchovies, which fetched higher prices. It is therefore plausible that the fishing mortality curves may consistently increase with age, at least in the most recent years. Prior to the 1990s, however, the degree of targeting on larger anchovy was known to be considerably lower. At any rate, on the basis of the log-catchability residuals (Fig. 4) , the assumption that selectivity at age had remained constant is untenable. Therefore, no reliable results could be obtained from method 1.
When tuning method 2 was used, the resulting pattern of log-catchability residuals was considerably better than that obtained by method 1 (Fig. 4) . The estimated fishing mortality at age pattern also showed a distinct shift from a flat-topped curve prior to 1990 to a steadily increasing pattern with age in the early 1990s. This coincides with what was believed to have happened in the fishery. Hence, the following VPA results always refer to this method of Laurec-Shepherd tuning.
The mid-year biomass values estimated by VPA (with F 3, 1996 = 0.5 and M = 0.6) and total catches, on the basis of calendar year data, are compared over years in Figure 5 . The highest biomass is observed in 1977 (370,000 tonnes). Then there is a decline up to 1986 and 1987, with biomass being estimated to be around 25,000 tonnes. This is the minimum value and is associated with the lowest catch level, which represented a serious crisis for fishermen. In the subsequent years, biomass increases up to 110,000 tonnes in 1994 and 140,000 tonnes in 1995, associated with a partial recovery of the catch. In 1996, a decrease in biomass is observed, with an estimate of 110,000 tonnes. All the values estimated in the period 1993-1996 are higher than in 1986, i.e. before the collapse of the stock. However, they are lower than the estimates for the period 1975-1980. A pattern of abundance at sea which is similar on the whole to that just described is also observed in the (calendar year) Porto Garibaldi CPUE (Fig. 2) . This series of CPUE, as stated above, was used as tuning data in VPA calculations, i.e. not as input data. The effect yielded by CPUE was thus on the estimates for more recent years rather than earlier ones. What is more, this effect was weaker when method 2 was used, the values of fishing mortality rates at the oldest age being fixed. Hence, the observed consistency between CPUE and biomass patterns could support reliability of the VPA estimates.
The annual fishing mortality rates calculated by the above-mentioned VPA as a function of age and year are reported in Table 7 along with corresponding estimated numbers of individuals at sea. In the same table, the annual unweighted averages of Fs on the age interval 0-3 are also reported: the minimum value of these averages is observed in 1977 and 1992 (0.23) The results yielded by retrospective VPA (with calendar year data, F 3, 1996 = 0.5 and M = 0.6) are shown in Figure 6 : quite high stability in the recent values of mid-year biomass at sea and strong stability in the oldest ones are observed. Again, this supports reliability of the assessments based on VPA.
The use of F 3, 1996 = 0.3 in VPA calculations (with calendar year data and M = 0.6) involved higher biomasses for an average amount equal to 31% of the biomass estimated using F 3, 1996 = 0.5. With F 3, 1996 = 0.3 the mean annual fishing mortality rate and exploitation rate was 0.25 and 0.28 respectively, and was again relatively high in 1985 (0.72 and 0.55).
Changing M in the VPA (with split-year data and F 3, 1996 = 0.5) did not yield great differences in biomass values, when M = 0.7 and 0.8 were used instead of 0.6 (Table 8) . The VPA performed with M = 0.9 yielded very high and less realistic biomass 334 A. SANTOJANNI et al.
FIG.
5. -Mid-year anchovy biomass at sea estimated by VPA and DeLury model with recruitment index are compared over years; total catches are also reported. VPA was carried out using the fishing mortality rate F 3, 1996 = 0.5. For both methods, the natural mortality rate, M , was equal to 0.6. Calendar year data were used.
FIG. 4. -Differences (= residual values)
between observed and predicted values of the natural logarithm of the age-specific catchability coefficient, q , as a function of time for two VPAs, based on different procedures of calculation of the fishing mortality rate, F, at the last true age for each year: these rates are (a) equal to the product between the constant k (fixed) and the average of the values of F obtained for a fixed number, n , of younger ages in the same year, or (b) fixed values. The VPA based on the latter method was carried out using the fishing mortality rate F 3, 1996 = 0.5, while for both VPAs the natural mortality rate, M , was equal to 0.6. Calendar year data were used.
values in the second half of 1970s, ranging from around 700,000 to over 900,000 tonnes. The DeLury model with recruitment index fitted well with the empirical data. The proportion of variability in the Porto Garibaldi catches, c t , explained by the model was quite high, as indicated by the value of TABLE 7. -Values of the anchovy fishing mortality rate, F, and number (millions) of individuals at sea at the beginning of the year, as a function of age and year, derived from the VPA carried out using F 3, 1996 = 0.5 and the natural mortality rate M = 0.6. The last age class, 4+ , includes individuals older than 4 years. The annual unweighted averages of Fs on the age interval 0-3 are also reported. Calendar year data were used. Fishing mortality rate 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 Age 0 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 Age 0 . These VPAs were carried out using the fishing mortality rate F 3, 1996 = 0.5 and natural mortality rate M = 0.6. Calendar year data were used. (Fig. 7) . The estimated values of parameters q, N 1 and λ are reported in Table 9 along with corresponding lower and upper limits of confidence intervals, calculated at different precision levels. The intervals are large at the levels of 95% and 90%, but they become very smaller when calculated at 75%.
The mid-year biomass values estimated by the DeLury model on the basis of calendar year data are compared in Figure 5 , with the corresponding estimates obtained from VPA (with F 3, 1996 = 0.5 and M = 0.6). The highest DeLury estimate is observed in 1978 (370,000 tonnes). Then there is a decline up to 1987 and 1988, with biomass being estimated to be 35,000 and 45,000 tonnes respectively, which represent the minimum values. Then, biomass increases 336 A. SANTOJANNI et al. 2.91 x 10 -10 4.38 x 10 -5 q (90%) 2.17 x 10 -5 8.03 x 10 -10 3.99 x 10 -5 q (75%) 2.17 x 10 -5 5.13 x 10 -6 3.54 x 10 -5 N 1 (95%) 7.13 x 10 9 1.19 x 10 5 5.48 x 10 14 N 1 (90%) 7.13 x 10 9 3.08 x 10 5 1.37 x 10 14 N 1 (75%) 7.13 x 10 9 1.33 x 10 9 4.48 x 10 10 λ (95%) 3.37 x 10 10 2.05 x 10 10 1.58 x 10 15 λ (90%) 3.37 x 10 10 2.18 x 10 10 4.87 x 10 14 λ (75%) 3.37 x 10 10 2.37 x 10 10 1.23 x 10 11 FIG. 8. -Mid-year anchovy biomass at sea estimated by VPA and DeLury model with recruitment index are compared over years; total catches are also reported. VPA was carried out using the fishing mortality rate F 3, 1996 = 0.5. For both methods, the natural mortality rate, M , was equal to 0.6. Split-year data were used.
FIG. 9. -Anchovy recruit numbers estimated by VPA and recruitment indices used in the DeLury model assessment are compared over years. VPA was carried out using the fishing mortality rate F 3, 1996 = 0.5. For both methods, the natural mortality rate, M, was equal to 0.6. Both calendar (a) and split-year (b) data were used.
again and is estimated to be 80,000 tonnes in 1996. On the whole, the values of DeLury estimated biomass as well as patterns over time are consistent with those derived from VPA. However, the recovery of the stock after the crisis is more pronounced on the basis of VPA estimates.
The mid-year biomass yielded by the DeLury model and VPA (again with F 3, 1996 = 0.5 and M = 0.6) and total catches, on the basis of split-year data, are compared over years in Figure 8 . Biomass values as well as patterns over time are not strongly influenced by the split-year approach. When one is using splityear data the two methods give a more similar trend of biomass after 1987 and also the peak value of biomass is observed in the same year (i.e. 1978); on the other hand, in the period 1982-1986 (before the collapse) VPA estimates decrease constantly while DeLury estimates show a sudden drop only in 1987.
The recruit numbers (age class 0) estimated by VPA (with F 3, 1996 = 0.5 and M = 0.6) show a pattern over time consistent with the recruitment index (mainly age class 0) series required by the DeLury model, using both calendar and split-year data, as shown in Figure 9 : the recruitment index is more fluctuating over time when calendar year data are used. Recruitment decrease up to 1986/87 and the subsequent recovery are always observed.
A tentative stock-recruitment relationship was derived from the DeLury model assessment on the basis of calendar year data, plotting mid-year spawning biomass in year t as a function of number of recruits at sea at the beginning of the year t+1. It was thus assumed that all mid-year recruits (as well as adults) are spawners. This is consistent with the range (9-10.9 or 9-10 cm) of length data used to calculate the recruitment index required by the DeLury model. In fact, the proportion of sexually mature individuals of Adriatic anchovy was estimated to be 50% at the length of 9 cm and over 90% at 10 cm (Sinovcic, 1999) . As a consequence, many recruits are likely spawners in the middle of the year. The plot of the stock-relationship is shown in Figure 10 : dispersion of data points is strong. This effect is particularly pronounced for higher values of spawning biomass. That means a spawning biomass value may be associated with very different recruitment levels in the following year.
DISCUSSION
The estimated stock biomass of Adriatic anchovy showed a great fluctuation in the period 1975-1996. The decline after 1978 was very pronounced, with biomass decreasing from around 370,000 to over 170,000 tonnes in the subsequent three years (VPA with F 3, 1996 = 0.5 and both VPA and the DeLury model with M = 0.6). On the contrary, the recovery of the stock biomass after the collapse in 1987 showed a relatively constant trend. This general pattern of biomass over the whole period was similar using the two assessment methods as well as calendar and split-year data.
Assessments for the Adriatic Sea based on echo surveys (Azzali et al., 1990) FIG. 11. -The trend of mid-year anchovy biomass at sea estimated by VPA is compared with the trends of instantaneous stock biomass at sea, obtained from the two assessments based on echo surveys and egg and larvae surveys. VPA was carried out using the fishing mortality rate F 3, 1996 = 0.5 and the natural mortality rate M = 0.6. Calendar year data were used.
stock biomass estimated by VPA (with calendar year data, F 3, 1996 = 0.5 and M = 0.6) are compared with the estimates based on echo surveys in Figure 11 : the agreement between values is relatively good, but the peak yielded by echo surveys is more pronounced, with a biomass similar to those given by VPA for higher values of M. In this picture, the echo survey series is upgraded to 1991, whereas the corresponding biomass densities (tonnes per square nautical mile) are available up to 1996 in Azzali et al. (2001) . After an increase in 1992-1993, these densities show a drop to low values not far from that observed in 1987 in the same series. This feature is in contrast with the continuous increase in VPA estimates, but it is somewhat consistent with the slow rate of the recovery suggested by VPA. In fact, in the series of biomass density, the sharp increase in the series of echo survey biomass shown in Figure 11 disappears. Assessments based on egg and larvae surveys (Regner, 1996) also yielded higher values in 1976-1984 than in 1989-1990 , as well as higher instantaneous stock biomass in 1990 than in 1989 (Fig. 11) .
Further circumstantial evidence of these changes in the level of biomass is given by the observed changes in the age-length keys under the hypothesis that anchovy growth is negatively influenced by density at sea. It appears that anchovies grew more slowly in 1978 than they did in 1986 and 1989, when biomass was estimated to be lower. The 1995 age-length data suggest that growth rates have again slowed as the stock recovered from the crash, but not to the extent seen in the late 1970s data (Cingolani et al., 1993; 1998c) .
Finally, the observed increase in net-zooplankton biomass in the Adriatic during the last decade might be due to a decrease in consumers such as anchovy (Fonda-Umani, 1996) .
The stock abundance of Adriatic anchovy could have been negatively influenced by fishery. In fact, VPA yielded high values of fishing mortality rate and exploitation rate in some years, and in particular before the collapse of the stock in 1987. In Figure  12 , biomass estimated by the DeLury model with recruitment index is displayed together with Porto Garibaldi fishing effort, on the basis of calendar year data: from 1981 up to 1984, effort increases (76%) and reaches the highest value, while biomass decreases. On the other hand, the decline of biomass starts before 1981, when effort shows smaller fluctuations.
The stock dynamics of many fish species is thought to be highly influenced by environment, which determines food availability both in time and in space for larvae and juveniles (Shepherd et al., 1984; Heath, 1992; Mann, 1993; Cushing, 1996) . The influence of environment on recruitment is suggested by the fact that a lower spawning biomass yielded a higher number of recruits in more recent years, as in 1994. Spawning biomass yielded a high number of recruits in 1976, as well as the lowest ones in 1986 and 1987. This suggests that the low recruitment just before the collapse in 1987 was mainly caused by environmental factors rather than low spawning biomass. Regner (1996) suggested that anchovy abundance could have been negatively influenced by summer blooms of phytoplankton and benthic diatoms, par- ticularly between 1986 and 1989, by increasing mortality rates of larvae and postlarvae. The negative influence on the anchovy stock due to predation of eggs and larvae by the jellyfish Pelagia noctiluca was also discussed by Regner (1996) . He argued that the blooms of this jellyfish occurred in the period 1977-1985, when the decrease in anchovy stock was not yet as sharp as in 1986, so subsequent collapse is not clearly correlated with the blooms. The results yielded by the present assessments are not in contrast with these conclusions.
In conclusion, although overfishing is thought not to be the primary cause of the anchovy collapse, it remains true that the subsequent levels of estimated recruitment after 1987 have not risen to former higher levels. As a consequence, the current levels of spawning biomass could have also not yet recovered to former levels. While this remains the case, it would be unwise for fishing effort to be allowed to rise.
